Introduction
============

Reports conducted by the World Health Organization show that, in many countries, lung cancer incidence is highest among malignant tumors, resulting annually in more than one million deaths worldwide.[@b1],[@b2] Despite recent advances in diagnosis and multimodality therapies, prognosis remains poor with five-year survival rates of only 16% for all stages.[@b3] New therapeutic methods are needed for lung cancer patients.

In recent years, the importance of epigenetic alterations has been appreciated in cancer development,[@b4] including the role of abnormal DNA methylation and histone acetylation on aberrant silencing of multiple tumor suppressor genes in a diversity of human cancers.[@b5],[@b6] Histone deacetylase (HDAC) inhibitors, which interfere with the function of histone deacetylase, are emerging as potent anticancer agents as a result of their effective anti-proliferative activity in a wide variety of tumors, mediated by mitotic defects through the aberrant acetylation of histone and non-histone proteins.[@b7] It has been reported that trichostatin A (TSA), a potent specific inhibitor of HDAC, is able to lead to cell growth arrest, differentiation, and/or apoptosis in a number of cancers.[@b8]--[@b10] Evidence also suggests that TSA may have a promising therapeutic effect on cancer cells when combined with radiotherapy or chemotherapy.[@b11],[@b12]

Cisplatin is a kind of anticancer drug containing platinum. It is a broad anticancer spectrum, whose strong function, synergistic effect with various antitumor drugs, and lack of cross resistance, make it one of the most commonly used drugs in combination chemotherapy. Cisplatin places two links with single chain DNA or cross-links with double chain DNA, and inhibits the process of DNA replication in cancer cells, leading to cell apoptosis. Cisplatin belongs to non-specific cell cycle drugs, and causes damage to the cell membrane structure. However, after long-term use of cisplatin, most patients develop a resistance to it. Cisplatin also has a relatively high number of side effects.

Studies have found that TSA can enhance the sensitivity of cisplatin resistant lung cancer cells to cisplatin.[@b13] Another study found that, in gastrointestinal malignant tumors, prostate, breast, and ovarian cancers, TSA combined with cisplatin has a significantly higher inhibitory effect on cell proliferation than single drug treatment groups.[@b14]--[@b16] Compared with single drug groups, the HDAC inhibitor combined with cisplatin had an increased acetylation level. Thus, the following questions are raised: Are there synergistic effects when TSA is combined with cisplatin in lung carcinoma cells? Can TSA enhance the sensitivity of lung carcinoma cells to cisplatin, so as to reduce the clinical dosage of cisplatin?

In this light, the present study was designed to investigate antitumor activity by combining TSA with cisplatin on lung adenocarcinoma A549 cells, and its inner mechanism. Our results demonstrated that TSA in combination with cisplatin could be valuable in the treatment of lung cancer.

Methods
=======

Materials
---------

Human lung adenocarcinoma A549 cells were obtained from the central laboratory of the Shandong Provincial Hospital affiliated to Shandong University. Cellular Fas-associated death domain-like interleukin-1 β converting enzyme inhibitory protein (cFLIP) antibody (Proteintech Company, 10394-1-AP, Chicago, IL, USA) and caspase-8 antibody (Proteintech Company, 13423-1-AP) were stored at −20°C. Horseradish peroxidase labeled Goat anti rabbit IgG (H + L) (Proteintech Company, SA00001-2) was stored at −20°C.

Cell culture
------------

A549 cell line was cultured in RPMI 1640 (Gibco, Brussels, Belgium) containing 100 U/mL penicillin and 100 μg/mL streptomycin and supplemented with 10% calf blood serum (Sijiqing Laboratories, Hangzhou, China) at 37°C in a humidified atmosphere with 5% CO~2~.

Drug preparation and cell grouping
----------------------------------

One milligram of TSA (Sigma, St Louis, MO, USA, T8552-1MG) was dissolved in sterile dimethyl sulfoxide (DMSO) solution; the storage concentration was 1g/L, stored at −20°C, and diluted to the required concentration with fresh culture medium before each experiment. Cisplatin (Qi lu Pharmaceutical Co, Ltd, Shandong, China) was dissolved in sterile culture medium; the storage concentration was 100 g/L, stored at −20°C, and diluted to the required concentration with fresh culture medium before each experiment. The cell groups were categorized as: 1, blank control group; 2, TSA 250 nmol/L group; 3, cisplatin 10ug/mL group; and 4, TSA 250 nmol/L + cisplatin 10ug/mL group.

Morphological changes of the cells
----------------------------------

After treatment with the drug for 24 hours, the cells' morphology was observed to have changed. Pictures were taken with an inverted phase contrast microscope (Olympus, Tokyo, Japan) and it was found that there were differences between the groups.

Assay inhibition rate using methyl thiazolyl tetrazolium method (MTT)
---------------------------------------------------------------------

The effects of TSA, cisplatin, and TSA/cisplatin, on A549 cell growth were measured by methyl thiazolyl tetrazolium (MTT) assay. The cells were chosen in the log growth phase (5 × 10^4^ cells/mL) and cultured overnight in 96-well plates (200μL/well). The cells were incubated with: 1, blank control; 2, TSA 250 nmol/L; 3, cisplatin 10ug/mL; and 4, TSA 250 nmol/L + cisplatin 10ug/mL. Three replicate wells were conducted at each condition in all treatment groups. After the cells were cultured at 37°C in a humidified atmosphere with 5% CO~2~ for 24 hours, 20 μL (5 mg/mL) MTT (Amresco Company, Hamilton, ON, Canada) was added to each well and then the cells were blended and incubated at 37°C for four hours. The supernatant was then removed and 200 μL DMSO was added to each well. The absorbance value (A value) was quantified at 490 nm using a Microplate Reader (Spectra Max M2, CA, USA) and the average of each group was calculated. The inhibitory rate of cell growth was calculated as \[1-A~test\ group~/A~control\ group~)\] ×100%. The growth curve was drawn using time as abscissa and inhibition rate as ordinate. At least three replicate experiments were performed with three wells per concentration.

Determination of apoptosis by Hoechst 33258 staining
----------------------------------------------------

The cells were cultured overnight on an axenic cover-slide in 24-well plates, making a fusion level of approximately 70%, then the cells were divided into four groups and treated with: 1, blank control; 2, TSA 250 nmol/L; 3, cisplatin 10ug/mL; and 4, TSA 250 nmol/L + cisplatin 10ug/mL.

After the drug treatment (as described above), cells were fixed with fixing solution for five minutes. The cells were then washed three times with phosphate buffered saline (PBS) and incubated in Hoechst 33258 solution (Sigma, USA) for five minutes, after which the cells were washed again three times with PBS. Apoptosis was viewed under fluorescent microscopy.

Western blotting analysis
-------------------------

Cells in different groups were treated with 1, blank control; 2, TSA 250 nmol/L; 3, cisplatin 10ug/mL; and 4, TSA 250 nmol/L + cisplatin (10 μg/mL), for 24 hours. The whole protein was then extracted using a Nuclear and Cytoplasmic Protein Extraction Kit (Proteintech Company) and the concentration was analyzed by Bradford way. Equivalent cellular proteins were isolated and resolved in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electro-transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked in a PBS buffer containing 10% non-fat dried milk, and the primary antibody solution was added and incubated overnight at 4°C. Secondary antibody binding was carried out at room temperature for one hour. The PVDF membranes were rinsed three times for five minutes each. Chemiluminescence detection was carried out with the ECL plus Western Blotting detection system to detect the cFLIP, pro-caspase-8, and caspase-8 expression.

Data analysis
-------------

Data is presented as *x* ± *s* and was analyzed using the Student\'s t-test, χ^2^ test, and analysis of variance by SPSS 13.0 software. *P* \< 0.05 was considered to be statistically significant.

Results
=======

Trichostatin A (TSA) combined with cisplatin changed the cell morphology
------------------------------------------------------------------------

As shown in Figure [1](#fig01){ref-type="fig"}, A549 cells treated with TSA alone for 24 hours, compared with the control group, became larger or finger like, and the cell gap widened. The cells treated with cisplatin alone shrank and became small and round. Both groups had visible suspended death cells. When treated with TSA combined with cisplatin, cell density decreased significantly and death cells obviously increased.

![Morphological change of cells induced by trichostatin A (TSA) and cisplatin (×200). (a) Control; (b) TSA 250 nmol/L; (c) cisplatin 10μg/mL; (d) TSA 250 nmol/L+ cisplatin 10μg/mL.](tca0006-0202-f1){#fig01}

TSA in combination with cisplatin produced synergistic inhibition on A549 cells
-------------------------------------------------------------------------------

The inhibitory effects of cisplatin alone with different concentrations (3∼20ug/ml) and combined with TSA were determined over time by MTT assay. As illustrated in Figure [2](#fig02){ref-type="fig"}, cisplatin significantly inhibited cell proliferation in a dose-dependent manner. The specific inhibition rates of different cisplatin concentration and cisplatin combined with TSA are shown in Table [1](#tbl1){ref-type="table"}. The cell apoptosis rate increased with the increase of cisplatin concentration. Notably, TSA in combination with cisplatin caused a greater inhibitory effect on A549 cells than single-drug therapy (*P* \< 0.05). The results are repeatable. These data suggest that TSA-cisplatin combination treatment yielded synergistic inhibition on A549 cells.

![Inhibitory effects of cisplatin or cisplatin and trichostatin A (TSA) on A549 cell proliferation. , cisplatin; , cisplatin+TSA.](tca0006-0202-f2){#fig02}

###### 

The specific inhibition rates of different cisplatin concentrations

                    Cis (umol/L)                                                  
  ----------------- -------------- ------ ------- ------- ------- ------- ------- -------
  Inhibition rate                                                                 
   Cis              5.45           7.4    13.68   27.83   28.73   44.58   52.24   51.12
   Cis+TSA          12.3           18.9   26.42   35.68   46.72   49.65   60.25   61.92

The cell apoptosis rate increased with the increase of cisplatin (Cis) concentration. Notably, trichostatin A (TSA) in combination with cisplatin caused a greater inhibitory effect on A549 cells than single-drug therapy (*P* \< 0.05).

TSA in combination with cisplatin induced apoptosis of A549 cells
-----------------------------------------------------------------

To examine the morphological changes of A549 cells, Hoechst 33258 staining was employed after the administration of drugs for 24 hours. As shown in Figure [3](#fig03){ref-type="fig"}, TSA, cisplatin alone, and in combination led to marked morphological changes, such as chromatin condensation, nuclear fragmentation, and apoptotic bodies, which were in accordance with typical morphological characteristics of cells undergoing apoptosis. Compared with single treatment, the combination of TSA with cisplatin elicited a much more evident occurrence of apoptosis. These findings suggest that these agents exerted their inhibitory effects on A549 cells, mainly via triggering the apoptotic pathway.

![Observation of A549 cell apoptosis staining with Hoechst33258 (×200). , Condensed; , Fragmented nuclei; , Apoptotic bodies. (a) Control; (b) TSA 250 nmol/L; (c) cisplatin 10μg/mL; (d) TSA 250 nmol/L+ cisplatin 10μg/mL.](tca0006-0202-f3){#fig03}

TSA in combination with cisplatin decreased the expression of cFLIP
-------------------------------------------------------------------

To investigate whether the treatment with cisplatin or TSA alone or as a combination increased cleavage of cFLIP, known to be involved in the apoptotic cascade, Western blot analysis was used to examine the expression of cFLIP in A549 cells following these interventions. The results showed that either single treatment or combination treatment resulted in decreased levels of cFLIP. The level of cFLIP protein in combination treatment cells was lower than that in single treatment cells (Fig [4](#fig04){ref-type="fig"}). These findings indicated that the occurrence of apoptosis in response to these stimuli was through a caspase-dependent signal pathway.

![Synergistic effects of trichostatin A (TSA) and cisplatin on Cellular Fas-associated death domain-like interleukin-1 β converting enzyme inhibitory protein (cFLIP) as detected by Western blotting. 1: control; 2: TSA 250 nmol/L; 3: cisplatin 10μg/mL; 4: TSA 250 nmol/L+ cisplatin 10μg/mL. \* *p* \< 0.05,\*\**p* \< 0.01 *versus* control group.](tca0006-0202-f4){#fig04}

TSA in combination with cisplatin reduced pro-caspase-8 and increased the expression of caspase-8
-------------------------------------------------------------------------------------------------

Finally, we assessed the level of pro-caspase-8 and caspase-8 in A549 cells treated with TSA or cisplatin alone and their combination for 24 hours. As shown in Figure [5](#fig05){ref-type="fig"}, either single treatment or combination treatment resulted in a decrease of pro-caspase-8 and an increase of caspase-8. The level of caspase-8 protein in combination treatment cells was higher than that in single treatment cells (Fig [5](#fig05){ref-type="fig"}). These findings indicated that the occurrence of apoptosis in response to these stimuli was through a caspase-dependent signal pathway.

![Synergistic effects of trichostatin A (TSA) and cisplatin on caspase-8 as detected by Western blot. 1: control; 2: TSA 250 nmol/L; 3: cisplatin 10μg/mL; 4: TSA 250 nmol/L+ cisplatin 10μg/mL group. \* *p* \< 0.05,\*\**p* \< 0.01 *versus* control group.](tca0006-0202-f5){#fig05}

The gray-scale value of cFLIP, pro-caspase-8 and caspase-8 are shown in the bar chart in Figure [6](#fig06){ref-type="fig"}.

![The gray-scale value of proteins. (a) The gray-scale value of Cellular Fas-associated death domain-like interleukin-1 β converting enzyme inhibitory protein (cFLIP) proteins; (b) the gray-scale value of pro-caspase-8 proteins; (c) the gray-scale value of caspase-8 proteins. , A; , B; , C.](tca0006-0202-f6){#fig06}

Discussion
==========

In recent years, many studies have shown that epigenetics is closely related to the occurrence and metastasis of tumors. HDAC inhibitors can cause chromosome remodeling and histone acetylation, showing good effects in multiple myeloma animal models. Now, more and more new compounds of HDAC inhibitors are used in clinical research. They have little or no toxicity to normal cells, but can specifically kill tumor cells.

TSA is one kind of HDAC inhibitor. Its anti-tumor mechanism inhibits tumor cell proliferation, arrests the cell cycle in the G2/M phase, and induces tumor cell differentiation and apoptosis.[@b17] TSA can increase the expression of the apoptosis protein DARP and promote the apoptosis of tumor cells.[@b13] It can also reduce the expression of Bcl-2 protein by mitochondrial channels; therefore, promoting the apoptosis of tumor cells.[@b18] Other studies have found that TSA can inhibit the activity of cyclooxygenase-2 in non-small cell lung cancer.[@b19] Research has shown that TSA can not only inhibit the growth of tumor cells, but can also show a synergistic effect when combined with chemotherapy drugs as it enhances the antitumor activity of chemotherapeutic drugs. TSA combined with docetaxel or erlotinib can enhance their anti tumor effects.[@b17]

Cisplatin is one of the most commonly used drugs in combination chemotherapy. However, the side effects of cisplatin, such as digestive tract reactions, renal toxicity, bone marrow suppression, and auditory neurotoxicity, cannot be ignored. Long-term use of cisplatin can also cause drug resistance. One study has found that TSA could increase the sensitivity of cisplatin resistant lung cancer cells to cisplatin by inducing apoptosis,[@b13] and the apoptosis rate increased with the increase of TSA concentration. TSA combined with cisplatin may enhance the anti-tumor effects of cisplatin, increasing apoptosis of tumor cells.

To further confirm our hypothesis, we designed the following experiment. We chose A549 cells from human lung adenocarcinoma as our study object. In the study, we demonstrated that cisplatin significantly inhibited cell proliferation in a concentration-dependent manner. The cell apoptosis rate increased with the increase of cisplatin concentration using MTT assay, and the results were repeatable. Notably, TSA in combination with cisplatin caused a greater inhibitory effect on A549 cells than single-drug therapy, implying that the TSA can potentiate the anti-tumor effects of cisplatin on A549 cells. In addition, A549 cells treated with the combined regimens significantly led to the appearance of chromatin condensation, nuclear fragmentation, and apoptotic bodies in co-treatment groups compared with the single drug treatment group, as evidenced by Hochst33258 staining. These morphological changes are consistent with the typical characteristics of cells undergoing apoptosis.[@b20]

cFLIP belongs to the peptidase C14A family, and is a regulatory protein of apoptosis. It can block the death receptor pathway of apoptosis by creating an inhibitory effect. Research has shown that, as cFLIP is over expressed in various tumor tissues, the expression of cFLIP in lung cancer tissues is also significantly increased. Sharp *et al*. used small interfering ribonucleic acid (siRNA) selective interference in the expression of cFLIP, and, thus, the pro-caspase-8 became active and the downstream molecules of caspase activation were significantly enhanced.[@b21] cFLIP protein structure and sequence were similar to caspase-8, N containing two serial death effector domains (DED), and caspase-8. cFLIP, through its N terminal with two DED competitive FADD and (or) caspase-8, blocking the activation and pro-caspase-8 death inducing signaling complex (DISC), thereby blocking apoptosis signal transduction, play a role in the inhibition of apoptosis.[@b22] cFLIP may be an important factor in the survival of cancer cells against chemotherapy and biological therapy. The level of cFLIP expression can be used as one of the signs of tumor cells to chemotherapy sensitivity; therefore, using this biological target as an approach may provide a new strategy for cancer treatment.

To further characterize the specific apoptotic pathway activated by these agents, cFLIP and caspase-8 expression were examined. We demonstrated that treatment of cells with TSA in combination with cisplatin significantly decreased cFLIP, decreased pro-caspase-8, and increased caspase-8 compared with a single agent, suggesting that the apoptotic process occurred in response to such stresses via a caspase-dependent pathway.

Our study does have some limitations. We used human lung adenocarcinoma A549 cells; however, there are several histological types of human lung carcinoma, such as squamous cell, small cell, large cell, and undifferentiated carcinomas. Cisplatin is used in different histological types of lung cancer. Further research is needed to determine the mechanisms and whether TSA combined with cisplatin is effective in different lung carcinomas.

Conclusion
==========

In conclusion, our study provides strong *in vitro* evidence that TSA, a HDAC inhibitor, inhibits cancer growth by triggering an apoptotic pathway via a caspase-dependent manner. The TSA/cisplatin combination seems to hold promise for the treatment of advanced lung cancer with limited sensitivity to cisplatin.
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